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Organic light-emitting diodes (OLEDs) using thermally activated delayed fluorescence (TADF)
materials have advantages over OLEDs using conventional fluorescent materials or high-cost
phosphorescent materials, including higher efficiency and lower cost. To attain further high device
performance, clarifying internal charge states in OLEDs at a microscopic viewpoint is crucial; however,
only a few such studies have been performed. Here, we report a microscopic investigation into internal
charge states in OLEDs with a TADF material by electron spin resonance (ESR) at a molecular level.

We observed operando ESR signals of the OLEDs and identified their origins due to a hole-transport
material PEDOT:PSS, gap states at an electron-injection layer, and a host material CBP in the light-
emitting layer by performing density functional theory calculation and studying thin films used in

the OLEDs. The ESR intensity varied with increasing applied bias before and after the light emission.
We find leakage electrons in the OLED at a molecular level, which is suppressed by a further electron-
blocking layer MoO; between the PEDOT:PSS and light-emitting layer, resulting in the enhancement
of luminance with a low-voltage drive. Such microscopic information and applying our method to
other OLEDs will further improve the OLED performance from the microscopic viewpoint.

Organic light-emitting diodes (OLEDs) have characteristic features such as flexibility, light weight, and highly
efficient electroluminescence'™’. Thus, they have been attracting high attention because of the application to
displays such as smartphones, televisions, etc!~”. In 1987, Tang and VanSlyke have developed fluorescence OLEDs
with tris(8-hydroxyquinolinato)aluminum (Alg;) as a luminescent material'. After that, highly efficient OLEDs
using phosphorescent materials have shown that they have nearly 100% internal quantum efficiency®’. How-
ever, blue phosphorescence OLED:s still have problems such as short lifetimes, the use of rare metals (Ir, Pt, etc.)
for environmental issues, etc'®. In 2009, Adachi et al. have developed OLEDs with thermally activated delayed
fluorescence (TADF) as a new light-emitting mechanism'!~'¢. TADF has an emission mechanism with not only
conventional fluorescence from excited singlet states but also delayed fluorescence due to reverse intersystem
crossing (RISC) from excited triplet states to excited singlet states'®. This mechanism shows a high luminescence
efficiency that is almost as same as that of phosphorescent OLEDs!”-.

Early OLEDs were often fabricated with a vapor deposition method, but in recent years, OLEDs have been
fabricated with a solution process, which is expected to contribute to low-cost and mass production®'. However,
there are still rooms for clarifying the problems such as a roll-off of luminance efficiency by applying high volt-
ages, driving lifetimes, and an overproduction of excitons by a small rate constant of RISC in TADF materials**-2¢.
Clarifications by observations of electric charge states, electron orbitals, etc. at the molecular level are necessary
under device operation. Although there are a lot of studies about materials and molecular design, there are few
research at the microscopic point of view during the operation of OLEDs with TADF materials. Thus, it is impor-
tant to directly observe the charge states in OLEDs with TADF materials from the microscopic point of view.

One of the most suitable techniques to study electric charge states in OLEDs is electron spin resonance (ESR)
spectroscopy?*”*®. The ESR method is a highly sensitive and nondestructive technique for directly observing
radicals and charges with spins in semiconductors and their devices at the molecular level. So far, we have been
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studying microscopic nature such as electric charge states, electron spin states, and molecular orientations in
organic devices, etc. using the ESR method?*~*°. We have reported an ESR study of OLEDs with Alq; to investigate
the degradation mechanism, which have shown the correlation between luminescence degradation and forma-
tion of cationic species due to decomposed Alq; molecules®. However, an operation mechanism of OLEDs has
not yet been investigated using ESR under device operation from a microscopic viewpoint at a molecular level.
Moreover, OLEDs with TADF materials, which show high efficiency compared to that of OLEDs with Alqs, have
not yet been investigated with the ESR method. Such microscopic investigation of OLEDs with TADF materials
will be useful for the development of even more efficient OLEDs.

Here, we report microscopic investigation of OLEDs with a TADF material under device operation (operando
states) for the first time. We utilize 2,4,6-tris(4-9,9-dimethylacridan-10-yl)phenyl)-1,3,5-triazine (3ACR-TRZ)?!
as a TADF guest material in the light-emitting layer (Fig. 1a). We study the electric charge states in OLEDs using
an operando ESR method in detail. As a result, we firstly observe operando ESR signals of the OLEDs with the
TADF material. We analyze the origins of the ESR signals using density functional theory calculation and clarify
the dependence of the ESR intensity on applied voltage bias (Vy,,) to the OLEDs. We find de-doping process
of a hole transport layer and long-lived doping states in the light-emitting layer, which are useful information
for understanding the operation mechanism of OLEDs with higher efficiency. These findings will be useful for
fabricating and developing highly efficient and durable devices.

Results and discussion

OLED device structures and characterization methods. To attain a high signal-to-noise ratio (S/N
ratio) of the ESR signal by increasing the light-emitting area of the devices, we utilized a rectangular device
structure (3 mm x 25 mm) in an ESR sample tube with an inner diameter of 3.5 mm?*. Figure 1a-c shows the
chemical structures of molecules used for the device fabrication. Figure 1d shows the fabricated device struc-
ture, indium tin oxide (ITO) (150 nm)/poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)
(35 nm)/3ACR-TRZ(16 wt%):CBP (55 nm)/bathocuproine (BCP) (30 nm)/lithium fluoride (LiF) (1 nm)/Al
(80 nm). Figure le shows the energy level diagram of the materials used for the OLED. The energy values of the
materials except for BCP are taken from Ref.?! and those of BCP are taken from Ref.*’. A film of PEDOT:PSS as
a hole transport layer and a blend film of 3ACR-TRZ:CBP as a light-emitting layer were deposited on an ITO
substrate with a spin-coating method. BCP, LiF, and Al were vapor-deposited sequentially on the light-emitting
layer. Our device architecture is a typical one and it is important to study the typical device architecture using
PEDOT:PSS, BCP, etc. because there are many examples of research on typical device architectures and their
problems should be clarified'!-2"#°. The device for ESR and current density (J)-luminance measurements was
sealed in an ESR sample tube with a desiccant and sealant under a nitrogen glove-box atmosphere?®*. Also,
to identify the ESR signals’ origins, we fabricated thin-film samples of BCP/LiF/Al and PEDOT:PSS on non-
magnetic quartz substrates with the same fabrication method used for the OLED fabrication. The fabricated
OLEDs were simultaneously measured with an ESR spectrometer (JEOL JES-FA200, X-Band 9.5 GHz) and a
luminance meter (TOPCON BM-9 M) at room temperature. We used a lock-in detection method for the ESR
measurements with a modulation frequency of 100 kHz for the external magnetic field. Thus, we could observe
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Figure 1. Materials and device structure of OLED with TADE (a-c) Chemical structures of (a) a TADF
material 3ACR-TRZ, (b) a host material CBP in the light-emitting layer, and (c) an electron transport layer (a
hole blocking layer) bathocuproine (BCP). (d) A schematic of the OLED structure. (e) Energy level diagram of
the materials used for the OLED.
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long-lived charges (spins) with a lifetime of > 10 ps or accumulated charges in the OLEDs, and cannot observe
charges with a lifetime of <10 ps that contribute the standard operation of the OLEDs?%-3%4! 'We measured
operando ESR signals while increasing Vy;,, from 0 to 10 V in 0.5 V increment. A standard Mn*" marker sample
was employed as a standard sample to calibrate the peak-to-peak ESR linewidth (AH,,,) and the number of spins
(Ngpin) of observed ESR spectra. The Ny, was evaluated by integrating the ESR spectrum twice and by compar-
ing the Mn?* standard sample. More detailed fabrication methods and ESR evaluation method are described in
“Methods” section.

Operando ESR spectra of TADF OLEDs and their molecular origins. We present the observation
of operando ESR signals under device operation and compare them with simultaneously measured J and lumi-
nance L of the OLED as a function of Vi, Figure 2a shows the V,;,; dependence of the operando ESR spectra
of the OLED. The electroluminescence characteristics of our fabricated OLEDs are as follows. When we fabri-
cated devices using a conventional ITO substrate (25 mm x 25 mm), we obtained electroluminescence char-
acteristics as shown in Supplementary Fig. S1. The light emission started at a turn-on voltage of Vi;,;=4.2 V
and the luminance reached 2200 cd m™ at Vy;,;=7.4 V. Here, the turn-on voltage is defined as the threshold
luminance level of 1 cd m™. The maximum current efficiency was obtained as~4.5 cd A™! at V};,,=7.1 V, which
was evaluated from the data shown in Supplementary Fig. Sla. The OLED emitted green light with at a peak
wavelength of 523 nm due to the TADF material 3ACR-TRZ as shown in Supplementary Fig. S1b, which is con-
sistent with that of the previous study®'. When we fabricated devices for ESR measurements using a rectangular
ITO substrate (3 mm x 25 mm, see Fig. 1d), the OLED emitted green light due to 3ACR-TRZ as shown in Sup-
plementary Fig. S2, which is like that observed for the OLEDs fabricated with the conventional ITO substrate
(25 mm x 25 mm) mentioned above. The light emission started at a turn-on voltage of Vy;,,=4.5 V (Fig. 2d). The
luminance reached 237 cd m™ at Vy;,,=9.5 V, and the maximum current efficiency was obtained as~2.3 cd A™!
at Vy,s=6.5 V (Fig. 1d). The reason for the lower device performance obtained with the devices used for the ESR
measurements may be due to the lower film quality compared to the conventional substrate used.
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Figure 2. Operando ESR study of the TADF OLED. (a) V,;,, dependence of the operando ESR spectra of the
OLED. (b,c) Fitting analyses of the ESR spectra of the OLED before device operation at V};,;=0 V (b) and after
light emission at Vy;,,=4.5 V (¢). (d) Dependence of the number of spins (Nj,) derived from ESR spectra of the
OLED and the luminance (L) of the OLED on Vy;, during device operation.
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We observed two variations in the ESR spectra before the light emission (0-4.0 V) and after the light emis-
sion (Vi;,s2 4.5 V); the origins of the ESR spectra are due to long-lived charges (spins) with a lifetime of > 10 ps
or accumulated charges in the OLEDs, not due to charges with a lifetime of <10 ps that contribute the standard
operation of the OLEDs, as mentioned above?®-31-*¢-3%41 We have found that the observed ESR spectra show no
anisotropy, which demonstrates that the charge-accumulation sites prove to be amorphous. We obtained the
ESR parameters, g-factor and peak-to-peak ESR linewidth (AH,,,), as g=2.0029 +£0.0001 and AH,,,=0.38 +0.02
mT at Vi;,,=0V, and g¢=2.0029 £0.0001 and AH,,,=0.40%0.02 mT at Vj;,;=4.5 V, which are summarized in
Supplementary Table S1.

In general, an ESR spectrum due to charges with unpaired electrons in semiconductors can be described with
a Lorentzian function or a Gaussian function; while the Lorentzian function describes the states where charges
are mobile, the Gaussian function describes the states where charges are immobile**-*. Since the observed ESR
spectra cannot be described by a single component, we performed fitting analyses of the ESR spectra with several
components using a least-squares method and two kinds of software of Igor Pro (Ver. 6.36]) and EasySpin (Ver.
5.2.18). We utilized the following Equations for the fitting analysis:

2h1 (H — H,
= -2 O’L)z 2 (1)
wa[io+ ()]
2hg(H — H H—Hog\?
I (k) = — 2o = Ho) o o) ey (— (7% O’G) > 2)

Equations (1) and (2) describes the Lorentzian and Gaussian functions, respectively. Here, we used a reso-
nance magnetic field (Ho,1, Ho,g), a half width at half maximum (wr, wg), and a spectrum height (hy, hg) as
fitting parameters, where the subscript “L” and “G” indicate the parameters for the Lorentzian and Gaussian
functions, respectively.

We start to analyze the ESR spectrum of the OLED before device operation (Vy;,,=0 V). After examining the
combinations of Egs. (1) and (2), we have found the fitting curve with two components of the Lorentzian func-
tion reproduces the ESR spectrum at Vi;,,=0 V. Here, the equation we used is shown below:

2hy1(H — Ho1) 2h12(H — Hyz)
Htion \2]° HoHo \2]”
a1 () w1+ (5 )’

Figure 2b shows the fitting result of the ESR spectrum before device operation (V,;,,=0 V). Black circles in
Fig. 2b show the experimental data of the ESR spectrum. A red line shows the fitting result composed of Signal
A (green dotted line) and Signal B (blue dotted line). As discussed later, the origins of Signal A and Signal B
are mobile charges with spins, in which case the ESR signal is well described by a Lorentzian lineshape. We
obtained the ESR parameters, g-factor and AH,,,, from the fitting result. The ESR parameters of Signal A are
£=2.0032+0.0001 and AH,,,=0.32 +0.04 mT, and those of Signal B were g=2.0028 +0.0001 and AH,;,=0.28 +0.04
mT. The parameters obtained from the fitting analysis are summarized in Supplementary Table S1. We have
confirmed that the ESR spectra before the light emission (0 V < Vy;,,<4.0 V) are reproduced with Signal A and
Signal B. The g-factor is calculated using the magnetic resonance equation, hv = gupHp. Here, h is the Planck
constant, v is the microwave frequency in this study, g is Bohr magneton, and Hy is the resonance magnetic
field where the ESR spectrum with first derivative form has a value of zero. The AH,, value is calculated from
the fitting parameters as AHp, = (2/«/§)wL in the Lorentz function and AHp, = \/wa in the Gauss function,
which means the difference between the two magnetic fields at a peak and valley in the ESR spectrum.

The origins of Signal A and Signal B obtained from the fitting analysis are discussed in detail in the following.
First, we discuss the origin of Signal A. According to the previous studies of BCP/metal layered film samples, the
formation of gap states have been reported at the BCP/metal interfaces by the interactions between metal and
lowest unoccupied molecular orbital (LUMO) of BCP when the metal with a work function of<4.3 eV is used
for layered films*>*. In the case of Al with a work function of 4.2 eV, a charge transfer has occurred between BCP
and Al, which forms electric double layers due to the presence of gap states*>*’. As a result, we have observed the
ESR signal of BCP anions, and electrons can be injected into BCP from the Al metal without injection barriers®.
From the observation of the motional narrowing of the ESR linewidth with a Lorentzian lineshape, we have
concluded that a majority of the spins at the interfaces between BCP and Al are mobile*’. In this study, we utilize
the layered film of BCP/LiF/Al in the OLED structure. To investigate the effect of the insertion of LiF between
BCP and Al, we fabricated a BCP/LiF/Al layered film and performed the ESR measurement. Solid line in Fig. 3a
shows the ESR spectrum of the BCP/LiF/Al layered film; dashed line in Fig. 3a shows the fitting result of Signal
A shown in Fig. 2a. The parameters of the observed ESR signal were g=2.0031+0.0001 and AH,,,=0.35+0.04
mT (Supplementary Table S1). The overall features of the signal such as g-factor correspond to that of Signal
A (see Fig. 3a) within experimental errors; it also accords with those of the ESR signals of the BCP/Al layered
film*. The low S/N ratio of the observed signal is ascribed to the low ESR intensity of the BCP/LiF/Al layered
film. In addition, it has been reported that BCP films show no ESR signal*’. Moreover, we confirm that LiF films
show no ESR signal. Furthermore, the Lorentzian lineshape of Signal A is consistent with that of the layered films
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Figure 3. ESR spectra of layered films and ESR variation of the OLED. (a) ESR spectrum of a BCP/LiF/Al
layered film. (b) ESR spectrum of a PEDOT:PSS layered film. (c) ESR spectra of the OLED before light emission
at Vy;,s=4.0 V and after light emission at Vi,,,=4.5 V. (d) Difference in ESR spectra at V;;,,=4.5 V and 4.0 V.

of BCP/Al and BCP/LiF/Al*. Therefore, we demonstrate that the origin of Signal A obtained from the fitting
analysis is due to the gap states at the BCP/LiF/Al interface.

The origin of Signal B is discussed as follows. It has been reported that holes (positive polarons) in
PEDOT:PSS are generated because hole doping happens in PEDOT by PSS and thus an ESR signal of PEDOT:PSS
is observed***!. The holes in PEDOT are mobile, which gives the ESR signal with a Lorentzian lineshape®. In this
study, since we used the PEDOT:PSS film as the hole transport layer in the OLED, we performed the ESR meas-
urement of a PEDOT:PSS film to confirm the contribution of PEDOT:PSS to the ESR signals of the OLED. As a
result, the ESR parameters were obtained from the ESR spectrum of the PEDOT:PSS layer as g=2.0028 +0.0001
and AH,,=0.28+0.03 mT, as shown in solid line in Fig. 3b. We find that these parameter values (g-factor and
AH,;,) and peak-to-peak ESR intensity of the PEDOT:PSS film almost accord with those of Signal B (see dashed
line in Figs. 3b and 2b). Therefore, the origin of Signal B is found to be holes in PEDOT:PSS in the OLED.

Next, we analyze the ESR spectra after the light emission (Vy;,,>4.5 V). Figure 3¢ shows the comparison
between before (V;,,=4.0 V) and after (V};,,=4.5 V) the light emission. We find that the intensity of the spec-
trum at Vy,;,,=4.5 V is larger than that of the spectrum at Vy;,,=4.0 V. Also, as shown in Fig. 3¢, the lineshape of
the signal at Vi;,,=4.5 V is slightly different from that at V};,;=4.0 V, with a component slightly shifted toward
the high magnetic field side. In other words, simply increasing the intensity of the signal at V};,;=4.0 V does not
reproduce the signal at V};,;=4.5 V. This means that another component is present in the signal at V};,;=4.5 V.
Figure 3d shows the difference spectrum between the two spectra. The ESR parameters of the difference spectrum
were obtained as g=2.0030+0.0001 and AH,,,=0.40 +0.04 mT. The ESR spectra at V};,;>4.5 V were as large as
that at V};,,;=4.5 V and we have observed the similar difference in ESR spectra at higher voltages such as 6.0 V
and 4.0 V, as mentioned above (see Supplementary Fig. $3). Thus, we newly define this difference spectrum as
Signal C, which are listed in Supplementary Table S1. Although the g-factor of Signal C appears to be close to
those of Signal A and Signal B, the g-factor and AH,,, can be distinguished from those of Signal A and Signal
B (see Fig. 2c and Supplementary Table S1). These results support the existence of Signal C. Figure 2c shows
the result of the fitting analysis for the ESR spectrum (V,;,=4.5 V) after the light emission. We can reproduce
the ESR spectra after the light emission using 3 components, that is, Signal A due to the generating gap states
at the BCP/LiF/Al interface, Signal B due to holes in the PEDOT:PSS film, and Signal C obtained from the dif-
ferential spectrum between those at Vi;,,=4.5 V and 4.0 V. Since Signal C is observed after the light emission
and is different from those of the BCP/LiF/Al layered film (Signal A) and PEDOT:PSS film (Signal B), which
are materials except for the light-emitting layer in the OLED, it is supposed that the origin of Signal C is related
with spins of charges in the light-emitting layer. To further confirm the origin of Signal C, we performed an ESR
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study of a 3BACR-TRZ:CBP film used as the light-emitting layer. As a result, no ESR signal was observed at room
temperature, which means that neutral molecules of 3ACR-TRZ and CBP do not have spins. Thus, Signal C can
only be observed when charge doping is performed, as discussed below.

To investigate the origin of Signal C in detail, we performed density functional theory (DFT) calculation with
Gaussian 09. The molecules for the calculation are 3ACR-TRZ and CBP used for the light-emitting layer. We
calculated g-factors of the cationic and anionic states for the two molecules, respectively. Here, we performed
the DFT calculation with structure optimization using a functional UB3LYP with a basis function 6-31+G(d,p).
In the g-tensor calculation, we define the coordinate axes of x-, y-, and z-axis as shown in Supplementary Fig. S4.
Since an anisotropy of the g-factor was not observed in the ESR measurements, the materials with observed spins
are found to have no molecular orientation. Thus, we calculated an averaged g-factor (g,,.) of the principal values

(g0 8 &) of the g-tensor components as gave = 1/ (gf + g} + gzz) /3. As aresult, the g,,. of cationic 3ACR-TRZ

and cationic CBP is determined as g,,.=2.00289 and g,,.=2.00297, and that of anionic 3ACR-TRZ and anionic
CBP is determined as g,,.=2.00275 and g,,.=2.00258, respectively. The calculation results are summarized in
Table 1. The g-factor (g=2.0030) obtained from Fig. 3d is consistent with the g,,. of cationic CBP (g,,.=2.00297).
The g,,. values of both anionic states of 3ACR-TRZ and CBP are not consistent with the g,,. of cationic CBP (see
Table 1). Therefore, the origin of Signal C is found to be due to long-lived or accumulated holes (cations) of CBP
in the light-emitting layer after the hole transfer from the PEDOT:PSS layer to the light-emitting layer along
with the start of the light emission. The spin density distributions for the cationic and anions states of 3ACR-TRZ
and CBP were calculated by the DFT method as shown in Supplementary Fig. S4. Supplementary Fig. S4b,c show
the spin density distribution of the cationic and anionic states of 3ACR-TRZ, respectively. We confirm that the
spin density distribution of three acridan (ACR) units and one triazine (TRZ) unit is separated. Since the torsion
angle between ACR and TRZ is nearly 90 degrees by steric hindrance, the localization and separation of spin
density occur as known for highest occupied molecular orbital (HOMO) and LUMO of 3ACR-TRZ?. Supple-
mentary Fig. S4e,f show the spin density distribution of the cationic and anionic states of CBP, respectively. Since
CBP has a plane molecular structure, spins are delocalized and widely distributed in CBP.

Relation between ESR and OLED characteristics. The relation between the ESR characteristics and
luminance of the OLED is an interesting issue to investigate the effect of internal charge states in the OLED on
the performance of the OLED. Figure 2d shows the V/;,; dependence of Ny, derived from the ESR signal of the
OLED and the luminance (L) observed during the ESR measurements. We find that N, decreases with the rise
in Vi, before the light emission (Viy,,=0-4.0 V). The reason for the Ny, decrease will be discussed in detail
later. In addition, we confirm that the Ny, rapidly increases at Vy;,;=4.5 V in comparison to that at Vy;,;=4.0 V.
This Ny, increase seems to relate with Signal C as discussed above, which is partially ascribed to the formation
of long-lived or accumulated cations of CBP with a lifetime of > 10 ps in the light-emitting layer after the light
emission (Vy;,>4.5 V). We comment that the N, number is given in absolute value in this study because in
the device structure of this experiment, spins present in the PEDOT:PSS layer, light-emitting layer, and BCP/
LiF/Al layer with different areas are observed, as shown in Fig. 1d, and the N, per unit area of the active layer
cannot be defined.

Interestingly, we observe a gradual decrease in N, before the light emission with the rise in Vi, after
device operation (0 < V};,,<4.0 V) in contrast to the case after the light emission (V};,,>4.5 V) as shown in
Fig. 2d. There are two likely reasons for the Ny, decrease. One reason may be the recombination between holes
(positive polarons) in the PEDOT:PSS layer and leakage electrons injected from the cathode passed through
the light-emitting layer by V;,;; we will discuss this first reason in more detail later. Another reason may be the
formation of bipolarons by increasing the polaron density in the PEDOT:PSS layer**~*, where a bipolaron is
the combination of two polarons and has no spin*-*%. However, the latter reason will be ruled out later by the
following results for OLEDs with MoOs;. Also, the low hole density of PEDOT:PSS in the OLED before light
emission seems to support this exclusion.

Leakage electrons and the suppression in OLEDs with MoO,.  To clarify the reason for the N,
decrease in the OLED before the light emission in detail, we performed an operando ESR measurements of the
OLED with a further electron blocking layer MoOs; the experimental results are shown in Fig. 4. The actual
composition of molybdenum oxide may be MoO;_, where x represents the amount of oxygen defects but will
be denoted MoO; for simplicity. We fabricated the OLED in which we inserted a MoOj; layer between the
PEDOT:PSS layer and light-emitting layer (Fig. 4a,b), and studied the V};,, dependence of the ESR spectra and
Npin (Fig. 4c,d). The component structure of OLEDs with the electron blocking layer MoOj is ITO (150 nm)/

Molecule and state 8 % 8. Save

3ACR-TRZ cation 2.00278 2.00276 2.00314 2.00289
3ACR-TRZ anion 2.00297 2.00347 2.00181 2.00275
CBP cation 2.00337 2.00281 2.00274 2.00297
CBP anion 2.00188 2.00248 2.00338 2.00258

Table 1. Calculated principal values of the g-tensor components and their averaged value (g,,.) for 3SACR-TRZ
and CBP molecules obtained from the DFT calculations.
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Figure 4. Device structure and operando ESR study of OLED with MoO;. (a) Schematic structure of the
OLED with MoQ;. (b) Energy level diagram of the OLED with MoOs. (¢) V;,, dependence of the operando ESR
spectra of the OLED with MoO;. (d) Dependence of N, derived from ESR spectra and the luminance (L) of

pin
the OLED with MoOj; on Vy;,, during device operation.

PEDOT:PSS (35 nm)/MoO; (7.5 nm)/3ACR-TRZ(16 wt%):CBP (55 nm)/BCP (30 nm)/LiF (1 nm)/Al (80 nm),
which is the same structure mentioned in the above results and discussion except for the MoO; insertion. The
energy levels of the conduction band minimum (CBM) (- 2.3 eV) and valence band maximum (VBM) (-5.3 eV)
of MoOj in Fig. 4b are taken from Refs.*»#-*!, where MoOj acts as a hole-transport layer connected with Ag hole
collecting electrodes®*-!. The energy level of the CBM of MoOj; (- 2.3 €V) is shallower than the LUMO levels
of the light-emitting layer (Fig. 4b). Also, the CBM of MoOs; is thought to be shallower than the LUMO level of
PEDOT:PSS (- 2.4 €V)*2. Thus, MoO; can play a role of a further electron blocking layer, which further prevents
the leakage electron transfer from the light-emitting layer to the PEDOT:PSS layer. MoO; was used because of
its resistance to organic solvents. This layer serves as a substrate when spin-coating the light-emitting layer. If
tris(4-carbazoyl-9-ylphenyl)amine (TCTA) or N,N’-diphenyl-N,N’-bis(1-naphthyl)-1,1’-biphenyl-4,4’-diamine
(a-NPD or NPB) were used, they could dissolve during spin-coating of the light-emitting layer. MoOj is a metal
oxide and not an organic material. Therefore, the thickness of the MoO; film is important, and in this study, a
thickness of 7.5 nm, which is commonly used as a hole transport layer in organic solar cells**°, was adopted.
For the energy levels of MoOs3, deeper energy levels of CBM (- 6.6 or—6.7 ¢V) and VBM (- 9.6 or—9.7 eV) than
those in Fig. 4b have been reported, where the electron blocking ability of MoO; with the very deep Fermi level
is thought to be excellent>***.

The electroluminescence characteristics of the OLEDs with MoQOj are as follows. When we fabricated devices
using the conventional ITO substrate (25 mm X 25 mm), we obtained electroluminescence characteristics as
shown in Supplementary Fig. S5. The luminance reached 19,145 cd m™ at V;,;=10.0 V. The maximum current
efficiency was obtained as~12.8 cd A™ at V};,,=7.8 V, which was evaluated from the data shown in Supple-
mentary Fig. S5. The OLED emitted green light due to 3ACR-TRZ as observed for the OLEDs without MoO,
mentioned above. These characteristics are similar to those of the previous study?'. When we fabricated devices
for ESR measurements using the rectangular ITO substrate (3 mm x 25 mm, see Fig. 1d), the OLED emitted
green light due to 3ACR-TRZ, which is like that observed for the OLEDs fabricated with the conventional ITO
substrate (25 mm x 25 mm) mentioned above. The turn-on voltage was Vy;,,=3.1V, and the luminance reached
1245 cd m™2 at V,;,,=8.5 V. The maximum current efficiency was obtained as~ 6.4 cd A at V};,,=7.5 V (Fig. 4d).
The reason for the lower device performance obtained with the devices used for the ESR measurements may be
due to the lower film quality compared to the conventional substrate used. Figure 4c shows the Vi, dependence
of ESR spectra of the OLED with MoOj; before and after the light emission. These ESR spectra are not described
by the single component as in the case of the OLED without MoO3, and thus we analyzed the ESR spectra
before and after the light emission with the same fitting method used for the case of the OLED without MoO;.
The fitting results are shown in Supplementary Fig. S6 and Supplementary Table S1. As in the case of the OLED
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without MoOj3, we find that the ESR spectra are reproduced by the fitting curve with 2 components of Lorentz-
ian (Signal A and Signal B) and 3 components of Lorentzian (Signal A, Signal B, and Signal C) before and after
the light emission, respectively. Thus, the insertion of the MoO; layer is found to have no large effect on the ESR
signals. Figure 4d shows the Vy,;,, dependence of N, evaluated from the observed ESR spectra. From Fig. 4d,
we confirm that the decrease in Ny, before the light emission is suppressed in contrast to that without MoO;
shown in Fig. 2d. That is, by inserting the MoO; layer, the leakage electron transfer from the light-emitting layer
to the PEDOT:PSS layer is prevented, and the charge recombination between holes in the PEDOT:PSS layer and
electrons leaked from the light-emitting layer is suppressed.

In addition, since the energy level of the VBM of MoO; is located between the work function of the
PEDOT:PSS layer and the HOMO levels of the light-emitting layer, it is thought that the hole injection from the
PEDOT:PSS layer to the light-emitting layer smoothly occurs. That is, the charge recombination between holes
and electrons in the light-emitting layer is expected to efficiently occur by inserting MoOs. In fact, the turn-on
voltage of the OLED with MoO; was Vy;,;=3.1 V, which was 1.4 V less than that without MoO;. We newly find
that MoO; has a function of electron blocking layer in the OLED with the PEDOT:PSS hole transport layer, which
performs a low-voltage drive. At Vi;,>3.1 V, we observe that the N, tends to increase by generating long-lived
holes in CBP in the light-emitting layer similarly observed for Fig. 2d. Moreover, we observe an enhancement
of the luminance for the OLED with MoO; compared to that without MoO; (see Figs. 4d and 2d). This lumi-
nance enhancement is reasonably ascribed to the electron blocking effect by the MoO; layer mentioned above. It
has been reported that performance of OLEDs is improved by optimizing the thickness of a hole-injection layer
of MoO; inserted between ITO and a-NPD (or NPB)*. For the device structure used in this study, optimiza-
tion of the MoO; film thickness may also provide further improvement of device characteristics, and it will be
interesting to study the detailed MoOQ; film-thickness dependence of ESR characteristics and device properties
in the future. We comment the decrease in N, at Vi,;,,>7.0 V, which may be caused by the charge recombina-
tion between holes in the PEDOT:PSS layer and electrons leaked from the light-emitting layer at higher Vi,
as mentioned above.

Conclusions

We fabricated the OLEDs with the TADF material 3ACR-TRZ and performed the operando ESR measurements
to clarify the internal charge states in the OLEDs in detail. As a result, we have observed the variations of the
ESR spectra of the OLEDs during the device operation. The experimental ESR spectrum of the OLED before the
light emission was well reproduced by the two-component fitting (Signal A and Signal B). Signal A originated
from the gap states at the BCP/LiF/Al interface, while Signal B from holes in the PEDOT:PSS layer. After the
light emission, we have newly observed the ESR signal (Signal C) due to the long-lived or accumulated cations
in CBP in the light-emitting layer. Moreover, by observing the Vy;,; dependence of the N, in the OLEDs, the
decrease of N, has been confirmed.

To investigate the reason for the Ny, decrease in detail, we fabricated the OLEDs with MoO; that is inserted
between the PEDOT:PSS and light-emitting layers, and performed the operando ESR measurements. As a result,
we have revealed that the charge recombination in the PEDOT:PSS layer with leakage electrons from the light-
emitting layer causes the Ny, decrease and the high turn-on voltage of the light emission. In other words, the
effect of the leakage electrons during driving the OLEDs has been verified at the molecular level by using the ESR
method. In this study, no TADF-derived ESR signal was observed in the OLEDs using TADFs. This is different
from the results of our previous OLEDs using the fluorescent material Alg; (Ref.?®). In that study, an Alq;-derived
ESR signal was observed?. Therefore, these results may suggest that OLEDs with TADFs are superior to OLEDs
with fluorescent materials in terms of suppressing charge formation and accumulation in light-emitting materials.
The information obtained in this study will be useful for other materials and devices and be helpful to develop-
ments of OLED design with high efficiency and low driving voltage of the light emission. The leakage current
affects not only TADF OLEDs but also fluorescent or phosphorescent OLEDs. Therefore, the findings of this study
are important not only for TADF OLEDs but also for the development of fluorescent or phosphorescent OLEDs.

pin

Methods

Fabrication of OLEDs. OLEDs for ESR measurements were fabricated using an ITO substrate with an
active layer of 2.4 mm x 14 mm = 33.6 mm?. The ITO substrates were cleaned by ultrasonic cleaning with 2-pro-
panole and acetone for 5 min and UV ozone cleaning for 30 min, respectively. After that, the PEDOT:PSS (Clevi-
ous AT4083) layer was spin-coated on the ITO substrate at 4000 rpm for 30 s and dried at 120 °C for 10 min. To
form the light-emitting layer, 3ACR-TRZ was mixed with CBP and dissolved in 2 mL of chloroform. The mass
ratio of 3ACR-TRZ and CBP was 1.6:8.4 and the combined weight was totally 10 mg. The dissolved solution was
stirred with a stirring tip for more than 30 min. The light-emitting layer was then spin-coated at 1500 rpm for
30 s on the substrates and dried at 80 °C for 30 min. The electron transport layer (BCP), the electron injection
layer (LiF), and the cathode (Al) were sequentially deposited by a vacuum deposition method at a pressure of
1.0x 107 Pa. The deposition rate of BCP, LiF, and Al was 1.0-2.0 A s, 0.1 A s7, and 5-20 A s7', respectively.
In the case of the OLED inserting MoOj;, the MoOj; layer was deposited between the PEDOT:PSS layer and the
light-emitting layer. The thickness of MoO; was 7.5 nm, and the deposition rate was 0.5 A s™ at a pressure of
1x 107 Pa. The other layers were fabricated with the same method used for the OLEDs without MoO;.

ESR measurements. ESR measurements were performed with a rise of applied voltage bias (V;,,) from
0 to 10 V with an increment of 0.5 V at room temperature. When the ESR measurements were performed, we
integrated the ESR spectra at each V, for 15 times. The calibration of the g-factor was performed with a soft-
ware program by a JEOL ESR system taking secondary high-order correction towards valid resonance magnetic

Scientific Reports |

(2023) 13:11109 | https://doi.org/10.1038/s41598-023-38063-3 nature portfolio



www.nature.com/scientificreports/

field into account. The peak-to-peak ESR linewidth was evaluated by the difference between the two magnetic
fields at a peak and valley of the ESR spectrum. The number of the spins (Nj,,) was calculated by the double
integration of an ESR spectrum considering the absolute value of the Ny, of a standard Mn?* marker sample that
is calibrated with another standard sample of a solution (220 pL) of 4-Hydroxy-2,2,6,6-tetramethylpiperidine
1-oxyl (TEMPOL).

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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